Background: Polymorphisms in cytokine genes are known to influence cytokine levels, which may influence susceptibility to tuberculosis (TB) infection and disease. Differences in cytokine expression probably determine whether TB progresses, resolves, or becomes latent. In particular, the balance between the Th1 and Th2 cytokine responses influences the expression of disease in individuals with pulmonary TB (PTB). We performed a case-control study of 120 patients diagnosed with PTB, 240 with latent TB infection (LTBI), and 480 healthy controls (HC), to explore the association between polymorphisms in cytokine genes and a predisposition to Mycobacterium tuberculosis infection and TB disease.
Background
Tuberculosis (TB) remains to be a leading cause of morbidity and mortality in developing countries, and the incidence of the disease is increasing in developed countries [1] . One third of the world's population is infected by Mycobacterium tuberculosis (Mtb), but only about 5% of infected individuals develop the disease within the first year of infection and another 5% develop the disease later in life. Candidate gene and association studies have identified various host genetic factors that play significant roles in susceptibility to TB [2, 3] . Identifying the host genes responsible for susceptibility and resistance to TB may lead towards better understanding of the pathogenesis of TB and development of prophylactic or treatment strategies.
The cytokines produced at the site of disease after the interaction between T lymphocytes and infected macrophages are essential for the pathogenesis of TB [4] . The course of Mtb infection is regulated by two distinct T-cell cytokine patterns. T-helper 1 (Th1) cytokines, interleukin (IL)-2 and interferon γ (IFN-γ), are associated with resistance to infection, whereas T-helper 2 (Th2) cytokines, IL-4 and IL-13, are associated with progressive disease [5] . Polymorphisms in several cytokine genes have been described and shown to influence gene transcription, leading to inter individual variations in cytokine production [6] . Cytokine gene polymorphisms have been shown to be involved in the susceptibility, the severity and clinical outcomes of several diseases, including infectious diseases [7] . A single nucleotide polymorphism (SNP) located in the first intron of human the IFN-γ gene (+874 T⁄ A) putatively influences the secretion of the cytokine, with an impact on the outcomes of infections. This polymorphism displays variable associations with TB disease susceptibility and severity [8] in some ethnic populations but not in others [9] . A specific nucleotide polymorphism within the promoter region of IL-10 (1082A⁄G) is also highly variable. This polymorphism alters the level of this cytokine and possibly the Th1/Th2 balance, with major implications for TB infection [6] . Data on the association between the 1082G/A SNP of IL-10 and TB are also highly variable. Among the proinflammatory cytokines, tumor necrosis factor α (TNF-α) SNP −308 is associated with either TB susceptibility or severity [10] . Furthermore, because the immune interactions that determine TB disease susceptibility and severity are complex, multigene combinations may give more meaningful information than single SNPs in determining disease outcomes [11] .
Most studies have not differentiated TB disease according to its natural history. Therefore, it is difficult to evaluate the differences in their results. Our study groups were stratified into latent TB infection (LTBI) and active TB disease. We investigated the influence of IFN-γ, TNF-α, and interleukin cytokine gene polymorphisms on the susceptibility of individuals to LTBI and TB disease in terms of the cytokine levels expressed and their associations with ex vivo stimulate cytokine and pulmonary TB in a population from Shanghai. We also analyzed combinations of cytokine gene polymorphisms.
Results

Demographic characteristics of the study groups
The study subject groups consisted of 120 newly diagnosed PTB patients, 240 subjects with LTBI, and 480 healthy control (HC) subjects. The mean ages and sex distributions of the patients and controls did not differ. The Bacille Calmette-Guérin (BCG) scar was observed 87.5% of PTB patients, 93.8% of the LTBI group, and 94.0% of HC subjects (Table 1) .
Associations between Th1 cytokine polymorphisms and TB susceptibility
The genotype distributions of the IFN-γ −874A/T SNP and CA repeat did not deviate from Hardy-Weinberg equilibrium in any subjects. At the IFN-γ T874A polymorphic site, the frequency of the A allele was 1.30-fold higher in the LTBI than in the HC subjects (OR = 1.30; 95% CI: 1.020-1.664). The LTBI group had a significantly higher proportion of the AA genotype than the healthy group (OR = 1.39; 95% CI: 1.011-1.930). However, the PTB and LTBI groups had very similar frequency distributions for the other −874A/T genotypes and alleles. We identified 10 alleles for the CA repeat polymorphism (ranging from 10 to 19 CA repeats). The 12, 13, and 15 CA repeats were found to be the most common alleles in the study groups. The three groups displayed similar distributions of the CA repeats, although the TB group contained a significantly higher proportion of the 12-repeat allele in the LTBI group (OR = 1.71; 95% CI: 1.074-2.728). A haplotype analysis revealed no significant differences in the IFN-γ A-12 haplotype frequency between the three groups. The in vitro production of IFN-γ correlated with the IFN-γ −874 polymorphism. IFN-γ levels were significantly lower in the LTBI and PTB groups than in the HC group (p = 0.001; Table 2, Figure 1 ).
In TNF-α, the frequencies of the TNF-α +488A, −238A, and −308A alleles were 6.5%, 3.3%, and 4.7% in the HC group, 7.1%, 3.3%, and 5.2% in the LTBI group, respectively, and 10.0%, 4.6%, and 10.8% in the PTB group, respectively. The number of individuals homozygous for +488A was low and there were no homozygotes for −238A or −308A in the PTB group. No significant differences in the frequencies of the three polymorphic variants of TNF-α were observed between the healthy control and LTBI groups or between the LTBI and PTB groups. The haplotype frequencies were similar between the three groups. The levels of TNF-α were not related to the TNF-α polymorphisms and were similar between the three groups (Table 2, Figure 1 ).
At the −330 SNP of IL-2, a significant negative association was evident between the TT genotype and the PTB group compared with the LTBI group (28.3% vs 44.6%, OR = 0.49, 95% CI: 0.297-0.806), whereas the G allele was significantly overrepresented in the PTB group. A 
Associations between Th2 cytokine polymorphisms and TB susceptibility
Homozygosity for the IL-10 − 1082A allele occurred at a higher frequency in the PTB group than in the LTBI group (OR = 1.61, 95% CI: 1.071-2.438), indicating a significant association between TB and the IL-10 − 1082 AA genotype (OR = 1.65, 95% CI: 1.061-2.699). No statistically significant difference was observed in the distributions of the IL-10 − 1082 genotypes in the LTBI and HC groups (p > 0.05). The distributions of the IL-10 − 819 genotypes were similar in the PTB patients, LTBI and HC subjects (p > 0.05). There was no linkage between the −1082A/G and −819C/T IL10 polymorphisms. The frequency of the IL-10 − 1082G/−819C haplotype was lower in the LTBI subjects than in the HC (11.6% vs 41.6%, respectively; OR = 0.19, 95% CI: 0.134-0.254), whereas the frequency of the IL-10 − 1082 A/−819 T haplotype was higher (36.2% vs 10.3%, respectively; OR = 4.95, 95% CI: 3.707-6.608). However, the haplotype distributions did not differ significantly between the LTBI and PTB subjects and the IL-10 levels did not differ among the variant genotypes of the IL-10 gene polymorphisms in the two groups (Table 3) . The allele and genotype frequencies of the IL-4 variable number tandem repeat (VNTR) polymorphism did not differ between the HC subjects and the PTB patients. The IL-4 response was only detectable in a few subjects. In the HC subjects, the IL-4 levels did not differ among the variant genotypes of the IL-4 VNTR polymorphism. However, among the PTB patients, there was a trend towards an increased IL-4 response in patients with the B2/B1 genotype compared with the B2/B2 genotype under stimulated and unstimulated conditions (CFA, p = 0.066; Table 2, Figure 1 ).
Associations between the Th17 cytokine polymorphism and TB susceptibility
For the IL6 polymorphism at nucleotide −174, the CC genotype was significantly lower (3.3% vs 11.0%, respectively; OR = 0.36; 95% CI: 0.144-0.793) compared to HC group and the G allele was overrepresented in the LTBI group. IL-6 levels did not differ significantly between the genotypes of the IL-6 − 174G/C SNP in the HCs and patients.
Multilocus genotype association with the risk of LTBI and development of TB
We also assessed whether genotype combinations (in IFN-γ, TNF-α, IL-10, and IL-2) for the mutations in these Table 3) .
Dose effects of genes and gene-environment interactions
In addition to the multiplicative and additive models, we also analyzed the dose effects of the genotypes using the dominant and recessive models for each of the four genotypes and their interactions with BCG ( Table 4 ). The effect of the IFN-γ +874 T allele was recessive for LTBI, whereas IFN-γ +874 T was dominant for PTB. The TNF-α and IL-2 polymorphisms were not significant in these models (Table 4) . BCG vaccination was found to compensate for the positive effect of the IFN-γ polymorphism and was associated with a reduced risk of LTBI in the additive model.
Discussion
SNPs in several candidate genes have been linked to an increased risk of TB [12] . In this polymorphism association study, we investigated the significance of the relationship between several cytokine gene polymorphisms, their plasma products, and susceptibility to TB in a Chinese population. The IFN-γ polymorphism is the best-studied polymorphism in terms of its association with TB disease sites and severity. However, previous reports have been contradictory insofar as the −874A allele was more common in patients with TB and the T allele was more common in the controls in Italian [13] , South African [14] , and Spanish populations [15] , whereas in China, one study reported no association [16] while a later study of the same population showed an association between TB and the A allele [17] . Our results are consistent with the latter study. In the present report, we show that the A allele at IFN-γ −874A/T was significantly overrepresented in the populations of LTBI and PTB patients, with A allele frequencies 1.30-fold and 1.76 fold higher, respectively, than those in the HC. Significantly reduced IFN-γ production by stimulated PBMCs was observed in individuals with the A allele at IFN-γ −874. Similar genotype distributions and associations were observed for the t875 CA repeats (non-12/12) as at −874A/T in our study, and the non-12 CA repeats allele was absolutely linked to the −874 A allele in our population, as previously reported in a UK population. Because the −874 A allele corresponds to lower IFN-γ expression, the lower IFN-γ levels may impair the activation of macrophages, resulting in the development of TB. These observations indicate that the A allele at IFN-γ −874, or another nearby genetic variation linked to it, increases the host's susceptibility to TB. Because the modulation of the T-cell response by IL-10 seems to influence the susceptibility of the host to TB infection [18] , identifying the polymorphisms in the IL-10 gene may be useful in predicting disease susceptibility. The frequency of the IL-10 − 1082G allele in our population (4%) was similar to that in Korean (7.4%) [19] and Japanese (6.5%) populations [20] , but was significantly different from that reported in Caucasians (48%) [21] . The present results also show that the genotype frequency of the IL-10 − 1082A allele was significantly increased in TB patients compared with the LTBI subjects, especially when it was associated with the IFN-γ +874A allele (OR = 3.59; p = 0.045). This is consistent with the low levels of mycobacterial-stimulated IFN-γ and IL-10 in PTB patients. In fact, there remains a discrepancy with the −1082 polymorphism in the IL10 promoter, for which no association with TB was reported in Gambian [22] and Korean populations [23] . However, an association between the IL-10 − 1082A allele and TB was observed in an Italian (Sicilian) [24] population, and GA heterozygosity was associated with PTB in Cambodia [25] . These observations may reflect ethnic-specific genetic variations or suggest that other more-distal promoter elements are involved.
A number of studies have investigated the association between the TNF-α 308 (rs1800629 G/A) polymorphism and susceptibility to TB in different populations. However, the association between TB with TNF-α differs with ethnicity, and many of these studies have produced inconsistent results [26] . In the present study, a significant negative association between TB and the TNF-α 308 GA genotype and a significant positive association with the GG genotype were found, and the G allele was carried by 90% of patients and by 85.8% of controls. The A allele is associated with high TNF-α production and the G allele is associated with low TNF-α production. The high frequency of the genotype associated with increased protein production may be attributable to selection during the course of evolution, increasing the frequency of the most advantageous genotype. Our data indicate that TNF-α production was reduced in our PTB patients. Although the study by Scola et al. demonstrated a reduction in the low-producing −308 G/G TNF-α homozygous individuals in the affected group [24] , and the study of Bikmaeva et al. revealed an association between the high-producing A allele and a higher risk of PTB [27] , although several studies have failed to confirm the association between TNF-α and TB [28] .
In the present study, we also analyzed several other candidate gene polymorphisms and their association with the susceptibility to PTB or LTBI. We found a significant negative association between the −330 TT genotype of IL-2 and PTB; the T allele was significantly overrepresented in the LTBI group and the HC relative to the PTB group. This suggests that the GG haplotype is associated with a susceptibility to PTB. Although translation studies have demonstrated the increased activity of the G allele, allele expression studies have shown higher expression of IL-2 in the PBMCs of individuals with the IL-2 − 330 TT genotype than in those of individuals with the GG genotypes, suggesting that the IL-2 promoter activity is also influenced by other polymorphisms, probably +160 T/G [29] . No significant association between TB and IL-4 levels was observed for the VNTR polymorphism. The results of the present study do not preclude the possible influence of the VNTR polymorphism on the IL-4 response because IL-4 was undetectable in most of the subjects tested, which could be attributable to the downregulation of the Th2 responses by the IFN-γ secreted in response to the antigens used. In our study, the IL-6 − 174 CC genotype was significantly negatively associated with the LTBI group and with the reduced production of IL-6. In previous studies, significant levels of IL-6 were shown to be produced in response to Mtb infection. Human and murine macrophages secrete IL-6 in response to Mtb in vitro [30] , and elevated concentrations of IL-6 are present in the plasma of patients with TB [31] . It has also been reported that the induction of IL-6 activity by Mtb inhibits IFN-γ signaling, so the bacterium evades eradication by the cellular immune response [32] . We have reported that the IL-12 AA genotype is associated with LTBI susceptibility. This is consistent with reports from Japan and France, where polymorphisms in the IL-12 receptor β1 gene (IL-12RB1) are known to influence the susceptibility to and severity of TB [33] . A consensus seems to be emerging that the combined effects of several cytokine SNPs may play a crucial role in susceptibility to LTBI and TB diseases [29] . The combination of the IFN-γ polymorphism with other cytokine polymorphisms was most effective in predicting LTBI. This observation is consistent with the recently described functions of IFN-γ in a mouse model, in which mice with a disrupted IFN-γ gene were unable to control Mtb infection [34] . The combination of IL-10 polymorphisms with other cytokine polymorphisms may predict a susceptibility to TB. These results also substantiate an earlier report [35] that implicated IL-10 in the reactivation of TB in humans and in TB disease in a mouse model. A recently published meta-analyses reinforced the critical importance of IFN-γ +874 T/A as a genetic marker of TB resistance [8] , and stressed that although IL-10 has a specific effect on the form and severity TB, it does not affect susceptibility per se. Our results are consistent with these findings. BCG vaccination cannot be ignored [36] . However, we found no evidence that BCG vaccination interacts with gene polymorphisms in affecting susceptibility to TB.
In this study, all cases of TB disease were included, but the majority of patients had PTB. Therefore, it was not possible to demonstrate an association between the system involved and cytokine polymorphisms. A larger series is required to test the possible associations between cytokine gene polymorphisms and organ preference in TB, and the clinical severity of the disease.
Conclusions
Single-nucleotide functional polymorphisms in cytokine genes display variable associations with LTBI and active TB disease. Combinations of cytokine SNPs with the IFN-γ +874 T/A SNP markedly influence the severity and outcome of TB. Our results may reflect the polygenic aspects of a predisposition to severe and active TB.
Methods
Study subjects
Two case-control studies consisted of 120 patients diagnosed with PTB (patient group), 240 with LTBI (the control group for the patient group, and the case group for the HC group), and 480 HC individuals (control group). The subjects were recruited during the routine investigation of individuals in contact with TB in seven districts of Shanghai between 2009 and 2010. The subjects in the patient group were bacteriologically confirmed as TB patients infected with Mtb. None of the patients reported infection with human immunodeficiency virus. LTBI was identified in the contacts of TB patients, and had no TB-related symptoms but a positive T-SPOT.TB test. The subjects in the HC group were also recruited from the contacts of TB patients, with no TB-related symptoms or previous history of TB, and a negative T-SPOT.TB test.
T-SPOT.TB assays
T-SPOT.TB assays were performed according to the manufacturer's instructions (Oxford Immunotec, Oxford, UK). Briefly, PBMCs were isolated from whole blood by centrifugation with Lymphocyte Separation Medium (Ficoll 400), washed twice, and incubated with ESAT-6 and CFP-10 antigens for 16-20 h (37°C, CO 2 ) in an enzyme-linked immunosorbent spot assay. The spots were counted. The T-SPOT.TB result was positive when the number of spots in the test well (against at least one of the two tested antigens) was at least six, if the negative control had fewer than five spots, or twice the number of spots in the negative control wells, if the negative control had more than six spots. This cutoff was predefined in the manufacturer's instructions.
Whole blood stimulation assays
The stimulated whole blood (WB) culture assay used to assess the cytokine profiles has been described in detail previously [37] . Briefly, heparinized blood was diluted 1:11 with sterile RPMI 1640 tissue culture medium containing 100 units/ml penicillin/100 mg/ml streptomycin and 2 mM L-glutamine (Sigma Chemical Co., St. Louis, MO, USA). Within 2 h of collection, diluted WB (900 ml/well) was stimulated with Mtb culture filtrate proteins (5 mg/ml) in a 24-well tissue culture plate. The supernatants were collected from the wells at varying intervals.
Cytokine assessment
The cytokines in the supernatants were assessed using pairs of monoclonal antibodies, as described in detail previously [38] . Dose-response curves were constructed for each individual plate. The supernatants were serially diluted and the optical density (OD) readings in the linear ranges of the dose-response curves were used to calculate the concentrations. The final concentrations (pg/ml) were obtained by multiplying the values by the dilutions at which the ODs were read. The sensitivity range of cytokine detection was 7.5-1000 pg/ml and was similar to that reported by the manufacturer.
Molecular methods
Genomic DNA was extracted from blood samples with the Puregene Genomic DNA Isolation Kit (Gentra Systems, Minneapolis, MN, USA), according to the manufacturer's instructions. Primers were purchased from MWG-Biotech AG (Ebersberg, Germany). IFN-γ (rs2430561), IL-10 (rs1800896), and TNF (rs1800629) were genotyped with amplification-refractory mutation system-polymerase chain reaction (ARMS-PCR), with human growth hormone or bactin primers as the internal controls to check the accuracy of the PCR reactions. IL-6 (rs1800795) was genotyped with tetra-ARMS-PCR. The amplified products (5 ul, undiluted) were monitored with electrophoresis on agarose gel prepared in Tris-acetate ethylene-diaminetetraacetic acid (TAE) buffer containing 10 mg/ml ethidium bromide. The product bands were visualized on a UV transilluminator and photographs were taken for genotype interpretation.
